Abstract The nucleus of comet C/2013 A1 (Siding Spring) passed within 141,000 km of Mars on 19 October 2014. Thus, the cometary coma and the plasma it produces washed over Mars for several hours producing significant effects in the Martian magnetosphere and upper atmosphere. We present observations from Mars Atmosphere and Volatile EvolutioN's (MAVEN's) particles and field's instruments that show the Martian magnetosphere was severely distorted during the comet's passage. We note four specific major effects: (1) a variable induced magnetospheric boundary, (2) a strong rotation of the magnetic field as the comet approached, (3) severely distorted and disordered ionospheric magnetic fields during the comet's closest approach, and (4) unusually strong magnetosheath turbulence lasting hours after the comet left. We argue that the comet produced effects comparable to that of a large solar storm (in terms of incident energy) and that our results are therefore important for future studies of atmospheric escape, MAVEN's primary science objective.
Introduction
More than a million years ago, comet Siding Spring embarked on a journey from the Oort Cloud into the inner Solar System. A remarkable cosmic coincidence occurred on 19 October 2014 as its gaseous coma washed over Mars, temporarily displacing the solar wind. This event provided a unique opportunity to investigate the response of the induced Martian magnetosphere to extreme plasma conditions in the local space environment. Using data collected by instruments on board the MAVEN (Mars Atmosphere and Volatile EvolutioN) spacecraft, which arrived at Mars less than a month prior to this event, we are able to examine the interaction of comet Siding Spring with the Martian magnetosphere.
The Martian Magnetosphere
Since Mars currently lacks an intrinsic magnetic field, the charged plasma of the solar wind flows onto and around the upper Martian atmosphere. This interaction induces currents in the Martian ionosphere, which then act as the primary obstacle to the solar wind. This induced Martian magnetosphere shares many characteristics with classical magnetospheres but differs in others. A bow shock develops in the solar wind, followed by a region of shocked plasma called the magnetosheath. Below the magnetosheath, a separation occurs between the shocked solar wind and plasma of planetary origin. This boundary has had numerous names since its discovery, but in this letter, we use the term induced magnetospheric boundary (IMB) [Lundin, 2011] . It is also often called the magnetic pileup boundary [Nagy et al., 2004] . Mars also has the complication of localized patches of comparatively strong magnetized crust which produce mini-magnetospheres that can reach up to 1000 km in altitude. See the reviews by Nagy et al. [2004] , Dubinin et al. [2006] , and Brain et al. [2015] for more details and the lower right of Figure 1 for a rough schematic for scale.
nucleus [Combi et al., 2004] . Far from the nucleus, the gas molecules no longer collide and they follow ballistic trajectories spreading out in an approximate sphere. Solar UV is the dominant mechanism for ionization, and the reaction time for this interaction is roughly 10 6 s, so a typical cometary gas molecule travels 10 6 km before being ionized [Cravens and Gombosi, 2004] . At this point, the cometary ion is subject to electromagnetic forces, and it is picked up by the solar wind and swept away from the Sun. The addition of cometary plasma "steals" momentum from the solar wind, and it slows in the vicinity of the comet, forming a bow shock and a cometary magnetosphere [Luhmann et al., 1988; Ip, 2004; Coates and Jones, 2009] .
In summary (Figure 1 ), surrounding the cometary nucleus there exists an extended gas cloud of which the inner part is dense enough to be seen remotely (e.g., with telescopes) [A'Hearn et al., 1995] . This "inner coma" typically has a radius of order 100,000 km. An outer part of the coma ("outer coma") extends until all significant quantities of gas have been ionized and swept away; it has a radius of order of 10 6 km.
Throughout the coma, the plasma being created produces the ion tail and more generally the cometary magnetosphere. For a moderately inactive comet, the magnetospheric bow shock is about 20,000 km from the nucleus at the subsolar point [Coates et al., 1997] .
Comet Siding Spring
Comet C/2013 A1 (Siding Spring), referred to as comet Siding Spring hereafter, was discovered on 3 January 2013 by Robert McNaught at the Siding Spring Observatory in Australia [McNaught et al., 2013] . It is a dynamically new comet [cf. Farnocchia et al., 2014, Table 1 ], meaning that it is on its first (and likely only) passage through the inner Solar System after leaving the Oort Cloud more than 10 6 years ago. Like all comets, comet Siding Spring's gas production rate increased as it approached the Sun. However, in the weeks before its closest approach to Mars, this rate level lessened slightly [Lisse and CIOC Team, 2015] , and it was producing approximately 1 × 10 28 water molecules per second during the time of closest approach [Schleicher et al., 2014; Bodewits et al., 2015] . This made it a relatively inactive comet, comparable to comet Grigg-Skjellerup [Johnstone et al., 1993; Coates et al., 2015] . It nonetheless had appreciable effects on the Martian magnetosphere as we discuss below.
The MAVEN Mission
The MAVEN mission's primary science objective is to investigate the possibility that the solar wind has gradually blown away the bulk of the Martian atmosphere over the past few billion years [Jakosky and Phillips, 2001] . In order to do so, MAVEN is designed to robustly characterize the current interaction between the Martian atmosphere and the solar wind [Jakosky et al., 2015a] . It thus carries an instrument complement to understand the solar inputs into the system and to identify and characterize all planetary constituents above the well-mixed lower atmosphere. These characteristics also make it a remarkably well-suited mission to study the interaction of a comet with the Martian magnetosphere.
MAVEN arrived at Mars on 22 September 2014. All science instruments were turned on and fully deployed by 10 October 2014. Nine days later, comet Siding Spring made its closest approach to Mars on 19 October 2014 (day of year 292). To prepare for the comet encounter, precautions were exercised in order to protect the spacecraft from macroscopic dust (millimeter sized or larger) in the cometary tail, which would be moving 
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at an approximate relative velocity of 56 km/s. Early estimates of the number and mass densities of the dust [Vaubaillon et al., 2014; Moorhead et al., 2014; Ye and Hui, 2014] were handicapped by limited observations but were alarming since such "hypervelocity" impacts can easily damage spacecraft as well as produce measurable local plasmas [e.g., Neubauer et al., 1990; Goldstein et al., 1991] . Later estimates, based on more comprehensive observations, suggested that the danger was statistically similar to the likelihood of a micrometeorite hit over the expected mission lifetime Tricarico et al., 2014] . In anticipation of this dust the precautions included timing the orbits such that the spacecraft was protected behind the planet when the dust tail arrived along with turning the solar arrays edge on with respect to the dust, to minimize the exposed surface area. Direct impacts on spacecraft components were a major concern, but the MAVEN project also decided to turn off any instruments with high voltages or optics in order to avoid danger from debris associated with impacts anywhere on the spacecraft. This left just the magnetometer (MAG), the Langmuir Probe and Waves (LPW) instrument, and the Solar Energetic Particles (SEP) instrument on for the orbit during the comet's closest approach (approximately 16:30-22:00 UTC). LPW was in a mode primarily designed to characterize the dust, and the comet was not expected to directly produce effects detectable by SEP. For this reason, we focus in this paper on the MAG data for observing effects on the Martian magnetosphere during the comet's closest approach. We also use the Solar Wind Ion Analyzer (SWIA) instrument to provide context on the character of the solar wind before and after the closest approach.
The magnetometer investigation [Connerney et al., 2015a] consists of two fluxgate magnetometers (which provide hardware redundancy and increased spacecraft magnetic control diagnostics). The MAG data used here were acquired at 32 vector samples per second with a measured maximum of ±512 nT in the primary range (±2048 nT in the secondary range) giving it an approximate digital resolution of 8 pT. The data have been carefully calibrated and corrected for minor spacecraft-generated spacecraft fields [Connerney et al., 2015b] .
The SWIA instrument [Halekas et al., 2013] is an electrostatic analyzer designed specifically to study ions with energies from 5 eV to 26 keV. The data set used here is the omnidirectional differential energy flux (eV/(eV cm 2 s sr)) which has a maximum time cadence of every 4 s in 48 energy bins across the full energy range. The instrument measures the energy of the ions but does not distinguish between mass. Normally, this function is provided by other instruments on board MAVEN but as discussed these instruments were off during the comet's passage so the nature of the ions measured must be inferred by the context of the observations (i.e., if upstream of the bow shock then the ions are likely solar wind protons).
MAVEN's orbit carries it through all the regions of the magnetosphere with an apoapsis of about 6000 km, a periapsis of about 150 km, and an orbital period of about 4.5 h. A coordinate system often used to understand the magnetosphere is the Mars Solar Orbital (MSO) coordinate system also known as the Sun-State coordinate system. In this system, x points toward the Sun, y in the direction opposite of Mars' orbital motion, and z completes the orthogonal set and is approximately north.
Observations
For 2 weeks before 18 October, conditions in the Martian magnetosphere were approximately nominal (the magnetosheath |B| was about 10 nT, the draped dayside ionospheric |B| was about 40 nT, and the magnetosheath ion density was about 10 particles/cm , and the energy range of that peak broadened to encompass a range of about 500 eV-5 keV. The MAG data show a draped dayside |B| of approximately 140 nT, which was unrelated to crustal fields (based on a comparison with a spherical harmonic model of the crustal field [Morschhauser et al., 2014] ) and an increase in the magnetosheath turbulence.
These elevated signatures due to the ICME gradually diminished over the next six MAVEN orbits. By the second periapsis of 19 October around 06:00 UTC conditions had returned to that of the nominal magnetospheric configuration. As seen in Figure 2 , the energy spectra were comparatively reduced in peak flux, the draped magnetic field declined in magnitude to about 40 nT, and the magnetosheath turbulence relaxed to nominal levels. SIDING SPRING AND MARS' MAGNETOSPHEREthe outer coma. This timing is shown in Figure 1 . From the perspective of the comet, Mars passed downstream of the nucleus just on the outer edge of the inner coma. Also, note the relative size of the Martian magnetosphere compared to the cometary comas and magnetosphere. From the perspective of Mars (not shown), the comet approached from the Sun's direction (MSO x), from below Mars' orbit plane (MSO Àz), and from the direction of Mars' orbital motion (MSO Ày). Although still slightly accelerating (since it reached its perihelion 5 days later), the comet's approach velocity was approximately 56 km/s during the whole encounter with Mars.
Thus, it seems likely that the unusual signatures seen during the comet's passage (described below in sections 3.1) can be attributed to the comet's influence. Nonetheless, it is difficult to completely rule out other causes, such as lingering effects from the ICME or an ill-timed arrival of general solar wind disturbances. However, we find the timings of our four major signatures (coincident with the arrival of different parts of the comet's plasma) to be compelling. Our estimates of the cometary plasma energy influx (see section 4) and the preliminary MHD models of the interaction [Ma et al., 2014] add further weight to SIDING SPRING AND MARS' MAGNETOSPHEREour interpretation. Our interpretation that Martian magnetosphere had returned to nominal conditions approximately 30 h after the ICME's arrival (i.e., by 06:00 UTC on 19 October) is roughly consistent with the limited observations of the durations of ICME effects at Mars [Crider et al., 2005; Morgan et al., 2014] . As MAVEN observes more space weather events (e.g., more ICMEs), we will be able to more fully disentangle the effects from those events from those caused by the heavy cometary plasma.
Perturbations Near the Induced Magnetospheric Boundary
At about 13:30 UTC (marked #1 in Figure 2 ), MAG and SWIA observed a series of unusual perturbations. Figures 2h-2j show that MAVEN was in a location that is normally the southern nightside magnetosheath. The background field was about 9 nT, but several of the perturbations had magnitudes of up to 25 nT. The wavelet spectra show that the predominant frequency was at or below 0.01 Hz although there was activity at other, higher frequencies.
To further confirm the unusual nature of these perturbations, we examined 80 orbits from 10 to 25 October (i.e., approximately 1 week before and after the comet's closest approach which means that all of the orbits had very similar geometries in MSO coordinates). We looked at data intervals for each of the 80 orbits that corresponded to the location where we saw the unusual perturbations. This meant using intervals that were at altitudes above 3000 km and with solar zenith angles (SZAs) between 100°and 125°. We found the RMS of the field variability at timescales of 5 min (roughly the spacing interval between the perturbations). For all 80 intervals, the mean RMS is 1.7 with a standard deviation of 0.9 nT. For the interval from 13:30 to 14:15 UTC, the RMS is 4.9 with a standard deviation of 1.3 nT. The results were qualitatively the same for any RMS timescale between 1 and 10 min. Visual inspection of the intervals and their RMS confirmed that the only other interval with 5 min variability comparable to the interval under consideration was the one just after the arrival of the ICME on 18 October.
Suggestively, these perturbations occurred just as Mars entered the predicted outer coma of the comet. The wave activity at about 0.1 Hz prior to the perturbations (from~12:00 to 13:00 UTC) is typical for the magnetosheath [Espley et al., 2004] . These "normal" magnetosheath waves are associated with proton cyclotron waves in resonance with a |B| of approximately 10 nT, and their cessation is a characteristic signature of the passage into the induced magnetospheric boundary [Vignes et al., 2000] . Similarly, the SWIA data show the semi-monoenergetic spectra of about 1 keV ions which then disappear at the location of the perturbations. So the unusual perturbations occur near the presumptive location of the induced magnetospheric boundary. We therefore tentatively interpret these perturbations as evidence of a time variable induced magnetospheric boundary due to the outer coma's plasma interacting with Mars. One specific possibility for the physical mechanism at work is the Kelvin-Helmholtz instability which develops when there is differential velocity across two dissimilar fluids. Such instabilities have been seen before in the Martian ionosphere [Penz et al., 2004; Gurnett et al., 2010] , but detailed analysis of these perturbations will await future work.
Strong and Prolonged Realignment of the Draped Magnetic Field
At approximately 15:30 UTC, the draped magnetic field experienced a highly unusual reorientation, which shows most prominently as a strong and prolonged reversal into the Ày MSO direction (marked #2 in Figure 2 ). During the same 80 orbits examined in section 3.1, no such reversal with the same magnitude or duration was observed.
Figures 3b, 3e, and 3h show the orientation of the magnetic field from the data around periapsis of this orbit (called comet orbit #1 hereafter), while Figures 3a, 3d , and 3g show the orientation for the prior periapsis (called the pre-comet orbit hereafter). The pre-comet orbit clearly shows an orderly field with two lobes which is expected since the interplanetary magnetic field is draped around the obstacle of the ionosphere. Comet orbit #1 is still fairly ordered, but the fields are oriented in roughly the same directions throughout the periapsis and have strongly reversed directions in the +Y side of the orbit-the side opposite of the incoming cometary magnetosphere. Given the timing of the orbit (near when the relatively ordered portions of the outer cometary magnetosphere would be moving over the planet), we interpret this reorientation as being driven by the arrival of the magnetic field associated with the comet and its draping over the planet. Detailed modeling, such as the MHD model given by Ma et al. [2015] , should help elucidate the situation.
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A Damped and Highly Disturbed Field During Closest Approach
During the orbit of the comet's closest approach, the magnetic field was clearly abnormal (marked #3 in Figure 2 ). From a broad perspective, two specific features stand out. The dayside peak field is lower than normal, and conversely, the low-altitude nightside field is higher than normal. This gives the periapsis a low, broad profile instead of the usual asymmetric, sharply peaked profile.
To further quantify the uniqueness of this periapsis, we examined our set of 80 adjacent orbits. Excluding the orbits from 18 October (when the ICME hit) and 19 October (the day of the comet), we found that for the remaining 70 orbits, at altitudes less than 1000 km and SZA less than 75°(e.g., the dayside) that the mean |B| was 22 nT with a standard deviation of 10 nT. For the periapsis of the comet's closest approach, the same criteria gave a |B| of 17 nT with a standard deviation of 4 nT. For the same altitude range but for SZAs greater than 75°(e.g., on the nightside), we found that the adjacent orbits had a mean |B| of 15 nT with a standard deviation of 9 nT, whereas the field during the comet's approach was |B| of 17 nT with a standard deviation of 4 nT. Thus, the quantitative comparison confirms what is discernible by eye-the dayside field during the comet's closest approach is reduced (i.e., by about 25% from the nominal), whereas Numerous unusual, small-scale structures are present within this broader picture. Several large |B| excursions (some as large as 45 nT) punctuate the otherwise diminished periapsis fields. There are associated rotations in the vector magnetic field, and these excursions are likely due to ionospheric flux ropes created by the turbulent conditions [Vignes et al., 2004] . In other intervals, there are unusual segments with durations of about 30 s in which |B| is relatively low (~5 nT) but unusually steady. These segments are surrounded by fields of higher magnitude giving them the profile of a canyon.
The field orientations shown in Figures 3c, 3f , and 3i reinforce this picture of an unusual and turbulent interaction. While the periapsis as the comet was approaching (comet orbit #1) shows a strong rotation of the field compared to the periapsis that occurred before the comet, it was still relatively ordered. The periapsis during the comet's closest approach (comet orbit #2), in contrast, shows little organization by geometry but instead appears as a series of scattered fields.
Prolonged Turbulence After the Comet's Departure
The first three outbound magnetosheath crossings after the comet's closest approach were filled with extraordinary turbulence (the second crossing is marked with a #4 in Figure 2 ). While the Martian magnetosheath is normally filled with significant low-frequency magnetic oscillations [Espley et al., 2004; Ruhunusiri et al., 2015] , these fluctuations are abnormally large (δB about 5 nT with a background |B| of about 5 nT) and unusually have significant spectral power at frequencies above 0.1 Hz (Figure 2f ). For the magnetosheath at the SZAs where these observations are made (60°to 130°) the typical δB is 1-2 nT.
Nonetheless, initial analysis indicates that the fluctuations are a mixture of wave modes as is typical for the magnetosheath but are primarily associated with proton cyclotron waves. While it is certainly striking how clearly they start as the comet makes its closest approach (e.g., Figure 2f ), it is surprising that they would persist long after the comet has left the system (i.e., after~06:00 UTC 20 October). The typical timescales for the transfer of energy through the Martian magnetosphere might be expected to scale with the Alfvén speed and thus be minutes or at most hours. Nonetheless, it is plausible that they represent some sort of relaxation mechanism for dissipating the comet's energy long after its direct influence has been removed.
Discussion and Summary
In order to interpret the observations presented above, we make some order of magnitude estimates of how the cometary plasma compares with the solar wind. First, if we assume that the cometary gas production rate is 1 × 10 28 H 2 O molecules/s and that the molecules' ejection speed is 1 km/s and isotropic then we can calculate that at 10 6 km away from the nucleus the density of cometary gas is approximately equal to the solar wind density at Mars (1 particle/cm 3 ). Some fraction of this gas will actually be lost to ionization before that, but some fraction of the gas upstream of that point will have been ionized and swept downstream to that point. The details of this would require more sophisticated modeling [Daly, 1989 [Daly, , 1991 , but it is reasonable to assume that the ion density would be at least a few percent of the gas density at a distance of 10 6 km since the ionization length scale is 10 6 km. Although photochemistry will change the composition of the released water ions, there will be ions with a mass of 18 amu moving downstream with the approximate velocity of the solar wind since they will have been electromagnetically picked up. Therefore, at 10 6 km from the comet, it is reasonable to assume that the kinetic energy per volume of the comet's plasma is comparable to that of the solar wind. As shown in Figure 1 , this is where we have defined the outer coma of the comet and Mars passed into this region at approximately 13:30 UTC.
Similarly, again using simple isotropic expansion, at the distance of closest approach (141,000 km) the gas density should be of order 100 particles/cm 3 (the inner coma shown in Figure 1 ). The percentage actually locally ionized at this point depends on the details of the photochemistry. But given the interaction geometry, the full upstream hemisphere of ionized gas should also be sweeping over Mars. Therefore, combining an ion density that is a few percent of the gas density with the fact the comet ions are generally 18 times more massive than the solar wind ions gives an expected energy density for the cometary plasma of order 100 times the normal solar wind energy density. This is comparable to a very significant solar Several avenues for future work present themselves. First, clearly detailed analysis, beyond the scope of this initial survey, should be done for all of the unusual features observed. In this respect, utilizing some of the other data sets not included here such as the Solar Wind Electron Analyzer and the Suprathermal and Thermal Ion Composition instrument would be helpful even though they did not collect data during the entire interval of interest. Utilization of global models such as the MHD model of Ma et al. [2015] should allow greater physical insight and testing of hypotheses. Perhaps most importantly, we will be able to better contextualize these observations as we observe more episodes of significant space weather events at Mars. MAVEN's primary science goal of understanding atmospheric escape at Mars depends crucially on understanding how the erosion from large but infrequent events compares to that of the small but steady erosion of the nominal solar wind. It is truly good fortune that a highly unusual and potentially highly eroding event occurred at Mars weeks after MAVEN arrived. We look forward to gaining further insight into how comet Siding Spring distorted the Martian magnetosphere and estimating how much atmospheric loss it caused.
